• Ca 2+ -dependent nonspecific cation (CAN) channels are not required for formation of this type of PDS
• CAN channels contribute to long-lasting epileptiform activity
• Ca v 1.3 channels may provide a target for PDS elimination L-type voltage-gated calcium channels (LTCCs) are localized preferentially to the somatodendritic area of neurons and play a crucial role in the regulation of neuronal excitability.
1 Ca 2+ -inward currents via LTCC directly depolarize neuronal membranes, and this gives rise to electrophysiologic phenomena such as burst discharges, up-states, and plateau potentials. [1] [2] [3] In line with such a role in central neurons, antiepileptic effects have been described for nimodipine and other dihydropyridine (DHP)-type LTCC inhibitors in experimental studies, but a lack of effect has also been reported repeatedly (reviewed in Kulak et al. 4 ). It is notable that nimodipine (a brain-permeant DHP) failed in clinical trials of epileptic treatment. 4 Although concerns have been raised regarding the validity of these studies (e.g., regarding the inclusion of patients with very refractory seizure disorders or the relatively low serum concentrations of dihydropyridines that were reached as a result of pharmacokinetic interactions with concurrently applied antiepileptic drugs), 4 dihydropyridines are not considered to represent valuable antiepileptic therapeutic options.
These findings are in stark contrast with accumulating evidence of a prominent role of Ca v 1.3 in epilepsy. In hippocampal neurons of spontaneously epileptic rats (SERs), Ca 2+ -influx through LTCCs was much greater than in those of normal animals. 5 Current-voltage curves revealed a pronounced increase of the calcium current, especially at the more hyperpolarized voltages, 6 in a region where activation of Ca v 1.3 rather than Ca v 1.2 is believed to predominate. 7 Indeed, elevated levels of Ca v 1.3 (but not of Ca v 1.2) were reported in neurons of epileptic Wistar Albino Glaxo rats from Rijswijk (WAG/Rij), of the genetically epilepsy prone rat (GEPR) and of the seizure-prone gerbil. [8] [9] [10] Moreover, CACNA1D (coding for Ca v 1.3)-but not CACNA1C (coding for Ca v 1.2)-has been identified as a risk gene in human epilepsy, 11 and considerations regarding the nature and the site of mutations in CACNA1D have suggested a gain-offunction of Ca v 1.3 channels. 12 A particular epileptiform discharge event for which a crucial contribution of LTCCs has been identified [13] [14] [15] [16] [17] is the so-called paroxysmal depolarization shift (PDS). 18 In its broadest sense, the PDS represents a "burst pattern of discharge generated by an abnormal depolarization of neuronal membranes." 19 It has been viewed in this respect as the hallmark of epileptic discharge. 20 However, PDSs were originally described in vivo in brain tissue challenged with c-aminobutyric acid (GABA A )-receptor antagonistic concentrations of penicillin. 18 They were identified as the single neuron correlate (recorded with an intracellular electrode) of electrographic spikes that can be detected simultaneously at the brain cortex (with a cortical surface electrode), notably prior to epileptic seizures. The typical voltage trajectories of these PDSs were described as positive shifts of membrane voltage "up to 30 mV or occasionally more" with "durations from 40 up to 400 ms [msec] or more," during which "spike generation would progressively decrease in amplitude until only small oscillations remained riding on top of the PDS." 18 In this respect, PDS closely resembled giant depolarizing potentials (GDPs), brief discharges that govern self-organization of developing brain circuits. 21 It should be noted that a close resemblance to GDPs applies only to the original type of PDS, which cannot be triggered by current injections into neuronal somata and were suggested to arise from synaptic activity in the dendritic compartment. 16, 22 This feature distinguishes original PDS (to which we refer to in our study) from various other kinds of PDS-like electrical events, such as persistent sodium current-dependent burst discharges. 23, 24 The resemblance to GDPs, together with the finding that electrographic spikes appear immediately after injury in human and experimental epilepsy, 25 for example, during the silent epileptogenic period of status epilepticus-induced animal models of acquired epilepsy (Chauvi ere et al. 26 and citations therein), support the idea that PDSs may play a role in the processes leading to epilepsy. 25, 27 Because LTCCs play an essential role in the formation of these putatively epileptogenic events, 17 the implication of Ca v 1.3 increases in epilepsy may also rely on an involvement in PDS formation. Hence, considering the proposed role of PDSs in epileptogenesis, Ca v 1.3 may be involved in the processes leading to epilepsy rather than in actual seizure activity. This would change the view of how LTCC inhibitors could be used beneficially in epileptic therapy. However, Ca 2+ -dependent unspecific cation (CAN) channels have also been proposed to contribute to PDSs. 28 Hence, the role of direct Ca 2+ influx via LTCCs as opposed to LTCC-mediated CAN channel currents in PDSs remained unclear (Fig. 1) . Various genetically modified mouse models are meanwhile available to study the physiologic and pathophysiologic role of LTCC isoforms. We have recently employed two models to investigate the implication of the two neuronal LTCCs, viz. Ca v 1.2 and Ca v 1.3 channels, in neuronal excitability. 29 One is a classical knockout of Ca v 1.3 channels (Ca v 1.3 À/À mice, see Platzer et al. 30 ), and the other one, Ca v 1.2DHP À/À , a "pharmacological knockout," where the gene encoding for Ca v 1.2 channel protein was exchanged for one that leads to expression of a mutant version that displays reduced sensitivity to dihydropyridines (see Sinnegger-Brauns et al. 31 ). These mouse models were used in this study to investigate the role of Ca v 1.3 and Ca v 1.2 in PDS formation.
Methods

Mouse models
The origin and keeping of Ca v 1.3 À/À30 and Ca v 1.2DHP
À/À mice 31 was as described elsewhere. 29 Genotypes were confirmed by conventional polymerase chain reaction (PCR) testing of DNA extracted from the mouse tails. All experiments were performed ex vivo. Animal care and use conformed to institutional policies and guidelines. In addition, the use of genetically modified mice was approved according to the Austrian animal protection act under the reference number BMWFW-66.009/0316-WF/V/3b/2014.
Rationale of using primary neuronal networks
Experiments were performed on neuronal networks that develop from dissociated hippocampal neurons in co-culture with glial cells. The primary culture allowed us to use the neurons for experiments after they have had sufficient time to recover from acute stress of the isolation procedure, which may otherwise hinder the controlled induction of a defined type of PDS. Moreover, we have obtained broad experience with this preparation from our previous work, in particular regarding LTCC-CAN channel coupling. 17, 29, 32 A similar experimental system has been used widely in basic research on acquired forms of epilepsy (DeLorenzo et al. 33 and citations therein). Low-Mg 2+ -induced seizurelike activity in our cultured hippocampal networks displayed the characteristic pattern (e.g., tonic-like period followed by clonic-like afterdischarges, see Kov acs et al. 34 ) described previously by other authors in hippocampal brain slices. The use of primary hippocampal networks allowed us to fully comply with recommendations of the ARRIVE and Basel declaration (http://www.basel.declaration.org), as requested by the journal's guidelines. PDSs may not depend on complex neuronal network circuitry, since they have been recorded in microisland cultures consisting of only a few neurons, or even single neurons with autapses. 35, 36 PDSs are believed to be caused by an interplay of synaptic hyperactivity and abnormal endogenous conductances. 37, 38 In line with this notion, PDSs could be prevented by inhibition of fast glutamatergic neurotransmission (e.g., using CNQX [6-cyano-7-nitroquinoxaline-2,3-dione], [ Fig. S3D ]), and were largely reduced by blockage of LTCCs (Rubi et al. 17 and unpublished data using bicuculline for induction of PDS [ Fig. S3A-C] ), which provide a major somatodendritic ion conductance. 39 The dual dependence of PDSs on excitatory neurotransmission and LTCCs has been confirmed in both in vivo recordings and in experiments on brain slices. 13, 40, 41 The wide similarities argue against fundamental differences between PDSs recorded in vitro and in vivo. Hence, considering the 3R concept outlined in the Basel declaration, the use of primary neuronal networks thus appears indicated, in particular at this stage of target identification. One mouse pup usually suffices to generate neuronal culture dishes for at least (1) , which turns after spike-decline into a plateau phase (2) . After the plateau, the membrane potential may return back to baseline (dashed line) or transiently to an even more hyperpolarized potential (afterhyperpolarization) as in the example shown (3). (B) The two schemes illustrate the conductances that have been proposed to underlie the formation of original PDS. Phase 1 in A is mediated by excitatory synaptic input, presumably via AMPA-type glutamate receptors. The decline in action potential amplitude is thought to result from progressive inactivation of voltage-gated sodium channels. The plateau phase (2) 28 to illustrate the proposed role of CAN channels. It has been modified with respect to the prevailing view of an initiation of the PDS by excitatory postsynaptic potentials, 20, 38, 40 whereas in the original depiction by Speckmann and Walden the onset was described to be caused directly by inward calcium current. Epilepsia ILAE 8 days of experimentation (details of the preparation are given below), which allowed us to considerably reduce the number of animals needed to sacrifice. Moreover, neonatal mice were preferred to embryos, because the latter would have necessitated the killing of a gestating animal.
Generation of primary neuronal networks
The generation and maintenance of neuron/glia co-cultures, including culture media, as well as electrophysiologic characteristics, were described in detail previously. 17, 32 In brief, hippocampi were excised from decapitated new-born mouse pups (i.e., within 24 h after birth). After dissociation of cells from the papain-treated hippocampi, 50,000 cells were seeded with the help of glass rings onto about 40 mm 2 circle areas in the middle of a 3 cm diameter poly-D-lysinecoated culture dish containing medium supplemented with antibiotics (penicillin/streptomycin, see Geier et al. 32 for details). The glass rings were removed after 2 h. Nonattached cells were removed after 18-24 h by exchange of the medium with the same one but containing no antibiotics. After 3 days, glial cell division was stopped by addition of 1 lM cytosine arabinoside. Neurons were then allowed to form neuronal networks for at least 9 days on the glial cell layer. Neuronal networks were used for experiments after a total of 12-20 days in culture (Fig. S1 ).
Electrophysiology
Electrophysiologic experiments were performed at room temperature using the perforated patch-clamp technique with a Multiclamp 700B amplifier (Axon Instruments), a Digidata 1440A digitizer (Molecular Devices, Sunnyvale, CA, U.S.A.), and the pCLAMP 10.2 electrophysiology data acquisition (Clampex) and analysis (Clampfit) software package (Molecular Devices) as described in detail in previous papers. 17, 32 The perforated patch-clamp technique is a noninvasive electrophysiologic recording technique that widely maintains the intracellular milieu of the cell, and which is thus in this respect superior to whole-cell mode measurements. Electrodes were manufactured from borosilicate capillaries (GB150-8P; Science Products, Hofheim, Germany) using a Sutter P97 horizontal puller (Sutter Instrument Company, Novato, CA, U.S.A.). Tip resistances lay between 3.5 and 5 MΩ. The pipette solution contained (in mM) 120 potassium gluconate, 1.5 sodium gluconate, 3.5 NaCl, 1.5 CaCl 2 , 0.25 MgCl 2 , 10 4-(2-Hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES), 10 glucose, and 5 ethylene glycol-bis(ß-aminoethylether)-N,N,N 0 ,N 0 -tetraacetic acid (EGTA). pH was adjusted to 7.3 by KOH. As the pore-forming agent, 500 lg/ml amphotericin B (from Streptomyces sp., compound purchased from SigmaAldrich, Vienna, Austria) was added to the pipette solution just prior to each experiment. Experiments were started only after the series resistance had dropped to the lowest achievable level (e.g., to between 20 and 30 MΩ), which usually occurred within 15-30 min. During the recordings, neurons were continuously superfused using a DAD-12 drug application system (Adams & List, Westbury, NY, U.S.A.) with a micromanifold that held 12 channels converging into a 100 lM diameter quartz outlet. The tip of the outlet was positioned in proximity (about 250 lm) to the patchclamped cell (Fig. S2) . The standard external solution, which was used as the bathing solution of the cultures during experimentation and as the basal superfusion solution contained (in mM) 140 NaCl, 3 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, and 20 glucose (pH was adjusted to 7.4 by NaOH). Because dihydropyridines (BayK, isradipine) were dissolved in dimethyl sulfoxide (DMSO), the concentration of this solvent was kept constant at 0.3% in the superfusion solutions. Control solution hence contained 0.3% DMSO only, whereas DMSO-soluble compounds were diluted from concentrated stock solutions so as to obtain the same final concentration of DMSO.
PDS induction assays
The GABA A -receptor antagonist bicuculline has been widely used to experimentally evoke PDSs (see, for example, Straub et al., 14 Schiller, 16 deCurtis, 42 and Schiller 43 ). It mimics the antagonistic effect on the GABA A receptor of high concentrations of penicillin, which was used in the first reports of PDSs in vivo. 18 The pleiotropic agent caffeine, which acts on intracellular Ca 2+ release, on various membrane receptors, and as a phosphodiesterase inhibitor, 44 was used previously to investigate PDSs in hippocampal neurons 45 and was thus included as an alternative means of PDS induction in this study. Both bicuculline (in about two thirds of the neurons, but see the chapter on bicuculline-induced "seizure-like activity" in the Results section) and caffeine are reliable agents for induction of PDS, provided that LTCCs are available, or ideally, potentiated 14, 16, 17, 45 (data shown in Fig. S3A-C) . These drugs mimic pathogenic processes that have been implicated from research on animal models in the early stages of insult-induced epileptogenesis, that is, dysfunctional GABAergic inhibition (bicuculline) and-among other effects-disruption of intracellular Ca 2+ homeostasis (caffeine) (see for example DeLorenzo et al. 33 and Bouillert et al. 46 ). The sequence of drug application in these PDS-induction assays was as follows: in the 10 lM bicuculline (BIC) assay of PDS induction, BIC was applied together with DMSO for 5 min, followed by BIC together with BayK for 3 min, followed by BIC together with isradipine for another 5 min. In the 1 mM caffeine (Caff) assay of PDS induction, Caff was applied together with DMSO for 5 min, followed by Caff together with BayK for 5 min, followed by Caff together with isradipine for another 5 min. To protect the light-sensitive dihydropyridines from degradation, the reservoirs of the DAD-application system containing the test solutions were kept under impervious cover throughout the experiments. BayK and isradipine were used at low micromolar concentrations (e.g., 3 lM). It has been demonstrated that in this concentration range, Ca v 1.2DHP À/À channels are not potentiated by BayK but can still be inhibited by isradipine. 31 This difference in residual sensitivity may be due to the more complex structural requirements that are required for effective stimulation by dihydropyridine agonists than for the action of antagonists. 47 In line with this notion, no nonspecific activating effect has been found for the dihydropyridine-type LTCC agonist BayK, whereas dihydropyridine-type LTCC antagonists may act also on other calcium channels (see for example Perez-Reyes et al. 48 ).
Drugs and chemicals
Bay K8644, bicuculline methiodide, caffeine, isradipine, riluzole, CNQX, DMSO, cytosine arabinoside, poly-Dlysine, and bulk chemicals were purchased from SigmaAldrich. Tetrodotoxin was obtained from Latoxan (Valence, France).
Data analysis and presentation
For identification of spontaneously occurring suprathreshold excitatory events, a threshold search operation ("event detection") was performed using Clampfit 10.2 with the threshold set to 35 mV and re-arm to 5 mV (PDS analysis) or 1 mV (analysis of seizure-like activity) above baseline. This was done for 2 min periods of each of the above-mentioned drug application sequences (i.e., the fourth and fifth minutes of DMSO application, the second and third minutes of BayK application, and the fourth and fifth minutes of isradipine application). Prior to event detection, traces were corrected in Clampfit 10.2 for event-ofinterest-independent changes of the membrane voltage by manual baseline adjustment (= the dashed gray line in panels A and B of Figs. 2, 3, and 5). Detected events were then analyzed for area-below-the-voltage-trajectory, subsequently termed solely "area" (given in mV 9 msec) and for event duration (given in msec). The analysis of afterdepolarizations depicted in Figure 4 was performed by evaluation of the area between the curve (starting 7.5 msec after the current injection) and a virtual baseline corresponding to the membrane voltage just prior to stimulation. Preparation of graphs (all data are represented as means AE standard error of the mean [SEM], unless otherwise stated) and statistical testing (Kruskal-Wallis test with Dunn's multiple comparison post test, except for data in Fig. 4C , where Mann-Whitney test was used) was performed with GraphPad Prism version 5.04. In the statistical analysis, p-values < 0.05 were considered to indicate significant differences between compared data; p-values ≤ 0.001 were labeled in the graphs with three asterisks (***), p-values between 0.001 and 0.01 with two asterisks (**), and p-values between 0.01 and 0.05 with one asterisk (*). Statistical data comparison yielding pvalues ≥ 0.05 were considered to indicate a lack of statistically significant difference. This applies for all sets of data, where bars are not linked with a horizontal bracket in the graphs.
Results
To address the relative contribution of Ca v 1.2 and Ca v 1.3 channels to PDS, we compared neurons of Ca v 1.3 À/À mice and Ca v 1.2DHP
À/À mice with respect to PDS formation using two induction assays (data are summarized in Table 1 ).
Bicuculline-induced PDS
In the first PDS-induction assay, bicuculline was used at a concentration of 10 lM. Recordings were made consecutively during coadministration of solvent (DMSO)
À/À neurons (an example is depicted in Fig. 2A ), but not in Ca v 1.3 À/À neurons (an example is depicted in Fig. 2B ). All suprathreshold events recorded under control (DMSO) and the two LTCC-modulating conditions (BayK, isradipine) were analyzed with respect to area-below-the-curve ("area", given in mV 9 msec) and event length ("duration", given in msec). Data from Ca v 1.2DHP
À/À neurons (n = 17) demonstrate pronounced augmentation under BayK by significant larger areas (35% augmentation) and durations (32% augmentation) (Fig. 2C,E and Table 1 ) as compared to recordings made in the presence of DMSO. In the presence of isradipine, both area and duration were reduced below the DMSO values (area: À20%, duration À10%).
In contrast, although BayK also significantly enhanced suprathreshold events in Ca v 1.3 À/À neurons (n = 18), the changes were considerably smaller. Both the area and the duration of suprathreshold events were enhanced by 4%, an effect that was only fully restored to the DMSO level with respect to area (AE0%) but not duration in the presence of isradipine (+3%) (Fig. 2D,F À/À neurons, and was due to potentiation of LTCCs as can be seen in exemplary overlays of traces recorded under superfusion of the neurons with DMSO, BayK, and isradipine (Fig. 2G,H) . To obtain information about the size of the most pronounced suprathreshold events evoked in these neurons, we also examined the 95th percentile values, which amounted to 9,523 mV 9 msec in BayK-treated Ca v 1.2DHP À/À neurons, but only 5,077 mV 9 msec in BayK-treated Ca v 1.3 À/À neurons.
Caffeine-induced PDS
Experiments as above were repeated using 1 mM caffeine instead of bicuculline as an alternative means of evoking PDS. 45 Again, distinct PDS emerged after potentiation of LTCCs with BayK in Ca v 1.2DHP À/À neurons (an example is depicted in Fig. 3A ), but not in Ca v 1.3 À/À neurons (an example is depicted in Fig. 3B neurons (n = 11) demonstrate pronounced augmentation of suprathreshold events under BayK by significant larger areas (57% augmentation) and durations (38% augmentation) of suprathreshold events (Fig. 3C,E and Table 1 ) as compared to recordings made in the presence of DMSO. Exchange of BayK for isradipine diminished the effects seen with BayK, but failed to restore the control values of DMSO recordings; both area and duration remained enhanced by 22% (area) and 31% (duration). In contrast, although BayK also significantly enhanced suprathreshold events in Ca v 1.3 À/À neurons (n = 12), the changes were again smaller. The area and the duration of suprathreshold events were enhanced by 42% and 33%. Here, both effects were reversed below the DMSO levels, i.e., À32% (area) and À27% (duration), respectively (Fig. 3D,F It is a widespread belief that CAN channels also play a crucial role in PDS formation, and this view is well documented in textbooks on the basic mechanisms of epilepsy (see Fig. 1 ). However, a contribution of CAN conductance to PDS has never been proven experimentally. This is largely due to the lack of knowledge regarding the molecular nature of CAN channels (which have been identified solely on a mechanistic basis) and consequently the absence of specific channel inhibitors. Notably, we demonstrated in a previous study that Ca v 1.2 channels (but not Ca v 1.3 channels) couple functionally to CAN channels, which gives rise to afterdepolarizations (ADPs). 29 A new summarizing analysis of this finding is illustrated in Figure 4 . In the presence of BayK, the repolarizing voltage trajectories after the current injection covered an average area of 14,419 AE 7,577 mV 9 msec in Ca v 1. À/À neurons. In earlier work we showed that these ADPs were due to Na + -influx via calcium-dependent, flufenamic acid-sensitive channels (i.e., CAN channels). 32 These experiments were performed in the presence of tetrodotoxin (TTX) to allow for better control of the depolarization range induced by the current injections. Thus, action potential firing was disabled. However, it should be noted that PDSs only show overshooting action potential discharge at their onset. As described already in the earliest reports, this phase is followed by a "progressive decrease in amplitude until only small oscillations remained riding on top of the PDS." À/À neurons (E, n = 15). n.s., not significant. Epilepsia ILAE largely apply also to the situation in PDS. However, because we could not rule out that non-L-type HVA-mediated Ca 2+ influx during spike discharge might enable an (LTCC-independent) activation of CAN channels during the depolarizing shift, we repeated the experiments illustrated in Figure 4 in the absence of TTX. For clarity, 10 lM of the AMPA-receptor inhibitor CNQX were added to avoid network-derived distortion of neuronal firing patterns. As illustrated in Figures. S4 and S5 Physiologically, CAN channels were reported to underlie prolonged neuronal discharge patterns. [49] [50] [51] [52] As for epileptiform discharges, we wondered-if not in PDS-in which other discharge pattern the Ca v 1.2-CAN channel coupling may come into play.
Bicuculline-induced seizure-like activity
Experiments also using bicuculline allowed us to address this question. As described previously in hippocampal slices, bicuculline typically induced an initial prolonged depolarization (the "primary burst"), which successively turned into PDS discharge. 53 However, in a subpopulation of neurons (about one third), no such transition occurred, but the neurons continued to generate burst-like discharges, which we tentatively designated as "seizure-like activity" (SLA) to emphasize its difference from PDS (Fig. 5, top traces) . Therefore, we could test for a role of LTCC-CAN coupling in long-lasting neuronal activities (i.e., ≥3 s). When evoked in the presence of BayK, bicuculline-induced SLA appeared similar on gross examination in Ca v 1.2DHP
À/À and in Ca v 1.3
neurons (Fig. 5A,B) . However, modulating LTCC activity using dihydropyridines revealed essential differences. BayK, 3 lM Bay K8644; BIC, 10 lM bicuculline; Caff, 1 mM caffeine; DMSO, 0.3% dimethyl sulfoxide; isra, 3 lM isradipine; PDS, paroxysmal depolarization shift, SEM, standard error of the mean; SLA, seizure-like activity.
Epilepsia, 58 (5) À/À neurons (n = 10) appeared largely independent of LTCCs, because both the event area (BayK: À4%; isradipine: À15%) as well as the event duration (BayK: +7%; isradipine: À2%) were only slightly affected by administration of BayK and isradipine (Fig. 5C,E and Table 1 ). In contrast, SLA in Ca v 1.3 À/À neurons (n = 10) showed an obvious LTCC-dependent component, in that both event area (BayK: +48%; isradipine: À31%) and event duration (BayK: +36%; isradipine: À26%) were augmented by BayK and reduced by isradipine (Fig. 5D,F and Table 1 ). The effect or lack of effect of LTCC modulation is illustrated in Figure 5G ,H by overlays of SLA traces recorded under control condition (DMSO), in the presence of BayK and after exchange of (Fig. 5B,D) , but not in Ca v 1.2DHP À/À neurons (Fig. 5A,C) .
Discussion
Ca v 1.3 channels mediate the L-type voltage-gated calcium channel-dependent component of paroxysmal depolarization shifts In this study we investigated the molecular nature of LTCCs contributing to PDS. In addition, previous findings 29 allowed us to test the alleged role of CAN channels. 28 The induction of prominent PDS 29 However, since voltagedependent inactivation appears less different between Ca v 1.2 and Ca v 1.3 channels, Ca v 1.3 channels can be envisaged to carry significant window current during prolonged depolarization. 54 The capability to carry significant window current may enable Ca v 1.3 channels to mediate the plateau phase of PDS, without the necessity to involve CAN channels. Because only Ca v 1.2 channels, but not Ca v 1.3 channels, couple to CAN channels, our data indeed strongly argue against a role of CAN channels in PDS formation, and thus seriously question current textbook schemes on PDS formation.
Potential limitations
For reasons outlined in the Methods section, an in vitro model was used in this study. A disadvantage of this model system is that the precise maturation state as well as the consistency of inherent hippocampal characteristics of the cultured neurons remain largely undefined. However, PDS do not appear to be restricted to a certain class of brain neurons, 13, 16, 41, 43 and there is no evidence that their occurrence is limited to a certain age.
It should be noted that we performed our experiments on continuously superfused hippocampal neurons. Neuronal activity in this preparation is largely controlled by endogenous conductances and fast excitatory and inhibitory synaptic inputs, but largely lacks neuromodulatory influences. Hence, our experiments addressed the primary mechanisms of PDS formation. Our data do not rule out the possibility that neuromodulatory alterations enable additional conductances (e.g., metabotropically activated CAN channels) to further prolong PDS or to eventually even cause transition to seizure-like discharge activity. Indeed, metabotropic glutamate receptor (mGluR)-mediated activation of canonical transient receptor potential channels (TRPC channels 55 ) generated large depolarizing plateau potentials that were similar in overall shape to PDS, although they considerably exceeded in duration those originally recorded in pre-seizure penicillin-induced foci. 18 Notably, a similar mGluRactivated CAN conductance was suggested to play a role in neuronal network synchronization. 56 A role for Ca v 1.3 in the early stages of epileptogenesis?
However, early PDS appear to rely largely on Ca 2+ -influx via Ca v 1.3 channels. Because PDSs have been implicated in the processes leading to epilepsy, 25, 27 our study now provides a possible mechanistic link between Ca v 1.3 enhancement and epileptogenesis. Intriguingly, although both neuronal LTCCs (Ca v 1.2 and Ca v 1.3) play a role in excitation-transcription coupling, they seem to differ somewhat in their capability to induce phosphorylation of cAMPresponsive element-binding protein (CREB) phosphorylation, with Ca v 1.3 being more effective than Ca v 1.2. 57 Hence, pulsative Ca 2+ rises provided by Ca v 1.3 channels may potentially trigger epileptogenic remodeling processes. This possibility needs to be further addressed in the future.
In line with a role in epileptogenesis, an early upregulation of Ca v 1.3 was observed in the pilocarpine-induced status epilepticus model of acquired epilepsy. 58 Also in status epilepticus models of acquired epilepsy, electrographic spikes (the multi-unit correlate of PDS) were found to appear immediately after the injury. 26, 59, 60 These spikes were described as stereotyped at an early stage of epileptogenesis, but their shape gradually changed within the weeks that follow the initial lesion. 26, 60 Because a decrease in GABAergic inhibition has been identified as an early mechanism of electrographic spike generation (see for example Bouillere et al. 46 ), we suggest that bicuculline may induce a relatively simple, primordial type of PDS. In line with a role of LTCCs in primordial PDSs, the brain permeant dihydropyridine-type LTCC antagonist nimodipine, when given only in the acute stage of an animal model of acquired epilepsy, showed a protective effect against subsequent spontaneous recurrent seizures, which indicates an (early) antiepileptogenic effect. 61 It remains to be seen whether PDSs at this stage have the capability to modify other conductances, such as the one underlying I Na,p . I Na,p was suggested to be mostly of perisomatic origin (see Vervaeke et al. 62 and citations therein). There is strong evidence that I Na, p plays a role in epilepsy (reviewed in Stafstrom 63 ), but it may be recruited at later stages of epileptogenesis.
64 Notably, inhibition of I Na,p , by low concentrations of riluzole did not affect PDSs investigated in this study, but inhibited seizure-like activity (see Fig. S6 ).
Because of the uncertainty about the molecular nature of CAN channels, it remains unclear whether a similar situation may also apply for I CAN . However, bicuculline-induced long-lasting epileptiform discharges ("SLA") were prolonged by BayK in Ca v 1.3 À/À neurons, but not in Ca v 1.2DHP
À/À neurons. This effect can be envisaged to represent a pathophysiologic correlate of the proposed physiologic role of CAN channels in generation of burst discharges and plateau potentials. 49, 51 Moreover, with somatic current injections a depolarized plateau was more easily elicited by BayK in Ca v 1.3 À/À neurons than in Ca v 1.2DHP À/À neurons (see Figs. S4A ,B and S5A,B), which suggests prominent Ca v 1.2-CAN channel coupling at the cell soma. In neocortical neurons, I CAN was shown to enable runs of PDS by generating a slow depolarizing waveform. When CAN channels were blocked, individual (unaltered) PDS remained. 43 Hence, I Na,p and I CAN may play a role in the generation of more complex patterns of epileptiform activity, that is, seizure-like activity, but do not crucially contribute to PDS.
Conclusion and Outlook
Our data indicate that primordial PDSs (those occurring immediately after injury, way before the occurrence of unprovoked seizures) may in principle be less complex in mechanistic terms than previously thought. Herein we demonstrated that potentiation of Ca v 1.3 sufficed for their induction when ionotropic GABAergic inhibition was compromised. Similar results with caffeine indicate that the implication of Ca v 1.3 in PDSs may apply to various PDS-precipitating mechanisms. The crucial role of Ca v 1.3 channels provides an interesting target for PDS prevention, which may be a strategy to attenuate or impede epileptogenesis at an early stage. Obviously, the proposed epileptogenic role of Ca v 1.3 needs to be further tested in appropriate animal models of epileptogenesis. Our results provide the necessary in vitro data to justify and refine the required in vivo animal research.
To date, no isoform selective LTCC inhibitors are available for target-directed therapeutic approaches. However, accumulating evidence of a crucial role of Ca v 1.3 channels in Parkinson's disease has already triggered efforts to identify specific inhibitors. 65 It remains to be seen whether the compounds proposed so far do indeed prove to be isoformselective in various independent studies, and in particular on native LTCCs. Unfortunately, serious doubts have been raised regarding these compounds recently. 66 
Supporting Information
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